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Supplementary Section S1: Nonreciprocal behavior of surface spin waves.
The magnetic field due to the current passing through the waveguide has H x and H z components. The Karlqvist equation S1, S2 can be modified to calculate the magnetic field components, which results in 
in which W is the width of coplanar waveguide, and H 0 = I/(2W) where I is the current passing through the waveguide. For H 0 = 25 Oe and W = 3 µm, the rf field distribution is shown in Fig.   S1 . As can be seen, the x-component of the excitation field is unipolar and is concentrated underneath of the waveguide, while the z-component changes its sign across the coplanar waveguide. x z y Figure S1 : The magnetic field profile generated by currents passing through a stripline.
Ferromagnet Stripline
For magnetostatic surface spin waves in the long wavelength regime in which kL << 1
where L is the ferromagnetic film thickness and k is the wavevector, the z-component of the magnetization could be written in terms of the ferromagnetic susceptibility S3-S5 :
h ks is the spatial Fourier integral of the excitation field induced by the transducer [Eq. (S1)] : (S3) In Eq. (S2), the susceptibility components χ and χ a are defined as:
When the spin waves, originated from H x and H z , are in phase, the spin wave amplitude is larger than that of spin waves in case that H x and H z generate out-of-phase spin waves, resulting in the nonreciprocity of spin waves.
Supplementary Section S2: Spin wave characterization methods.
For the excitation and detection of spin waves, we have used the inductive measurement method S1,S6 . Two asymmetric coplanar waveguides have been placed on the top of the ferromagnetic film in which one is acting as the excitation antenna and the other one is utilized for the detection of spin waves.
In order to measure spin waves in frequency domain, we have utilized a 50 GHz vector network analyzer (VNA). The rf power of the VNA was fixed at 5 dBm and the frequency step zero applied bias field is used as the background signal, and is subtracted from the signals obtained at all other bias fields. The schematic diagram of the measurement setup is shown in At each bias field, all the S-parameters (S 11 , S 12 , S 21 , and S 22 ) are measured. The transmission parameter S 12 is the power transmitted from port 2 to port 1, and the S 21 is the transmitted signal from port 1 to port 2 ( Fig. S3 ), therefore S 12 and S 21 measured at a constant bias magnetic field have the opposite sign of wavevectors (±k).
2 1 H Figure S3 : The definition of port 1 & 2 in spin wave characterization.
From the comparison of the spin wave spectrum measured from S 12 and S 21 at different bias fields in Fig. S4 , one can conclude that reversing the sign of the magnetic field (± |H|) is effectively the same as changing the wavevector direction (±k).
S 12 S 21 Figure S4 : The transmission parameters (S 12 and S 21 ) measured at different magnetic fields for a stripline width of 3 μm.
We have also performed time-resolved measurements of surface spin waves using a pulse inductive microwave magnetometer S6,S7 . An ultra-short voltage pulse of ~80 ps with amplitude of 1.6 V is applied to the excitation antenna (port 1 or 2). The output signal from the detection antenna (port 2 or 1) is first amplified using a low noise preamplifier with a gain of 29 dB and a saturation power of 20 dBm, and then the amplified signal is measured by a 50 GHz sampling oscilloscope. In order to improve the signal to noise ratio (SNR) of the output signal, the output signal is averaged 2000 times. The schematic diagram of the measurement setup is shown in Fig.   S5 . By fitting the experimental data with the magnetostatic surface spin wave dispersion
, one can derive the wavevector of spin waves as can be seen in Fig. S6 . The fitting parameters are found to be M s = 628×10 3 A/m, γ = 3.47×10 5 T -1 s -1 and  = 10.94 μm which are similar to the previous reports S7-S9 . The saturation magnetization in our film seems to be affected due to film growth conditions such as a sputtering base pressure of 1×10 -7 Torr. The variation (k) of the spin wave wavevector is proportional to the inverse of stripline width, therefore k ~ 1/W = 0.33 μm -1 for 3 μm width striplines.
We have also fabricated spin wave characterization devices with a 10 μm wide signal stripline as shown in Fig. S7 and measured the spin wave frequency spectrum using sinusoidal microwave excitations as shown in Fig. S8 (a). Similar to the 3 μm wide striplines, the spin wave spectrum shows a quadratic behavior with magnetic fields, however, the spin wave nonreciprocity is smaller than that of the 3 μm wide striplines. Furthermore, as can be seen in Fig. S8(b) , in contrast to the 3 μm wide striplines, the second peak at a higher frequency is not present from 10 μm wide striplines. 
Spin wave Spectra (a.u.) Figure S8 : (a) Frequency spectrum of the spin wave measured at different magnetic fields. The spin wave propagation direction is the -x-direction. (b) The spin wave spectrum for magnetic fields of ±233, ±350, ±467, and ±583 Oe. parameters S10 . Using the Karlqvist equation discussed in the supplementary section S1, we have numerically calculated the wavenumber distribution of the rf-field components (h x and h z ) generated by the coplanar waveguide as shown in Fig. S9 . Figure S9 : The wavenumber distribution of the rf-field components generated by the coplanar waveguide.
It is clear that the h x does not decay monotonically and contains several local maximum points. In order to find the wavelength of spin waves, we have utilized the surface spin wave susceptibility defined as ,
, where m z is the z-component of the magnetization and h x is the x-component of the rf-excitation field. For the magnetostatic surface spin wave the susceptibility can be written as S11
where H 0 is the bias magnetic field, α is the Gilbert damping coefficient, and A is the magnetic In order to understand the origin of the second peak in Fig. 2(a) , we have conducted micromagnetic simulations. The resultant data for an excitation stripline of 3 μm and a bias field of 200 Oe are shown in Fig. S11 (a). The fast Fourier transform (FFT) of the signal is also shown in Fig. S11 (b). We can clearly see two peaks at different frequencies. The higher frequency is associated to the tail part of spin waves as shown in the inset of Fig. S11(a) . We have changed the width of the excitation and detection antennas from 3 μm up to 20 μm as shown in Fig. S12 . For the excitation width of 20 μm, there is one dominant frequency, however, by narrowing the width of the antenna, the 2 nd peak at a higher frequency appears by changing the antenna width from 20 to 3 μm, and the linewidth of the spectrum also slightly increases. These results clearly indicate that the presence of the second peak in the frequency spectrum of spin waves is a consequence of a narrow width of the antenna. These simulation results are also consistent with our experimental are detected in our measurements, while for an antenna width of 10 μm as shown in the Fig. S8 , only one frequency is detected. The surface spin wave wavevector is determined based on Fourier transform of the excitation antenna S10 . For a single strip [ Fig. S13(a) ], it is represented by the Fourier transform of a step function, therefore it has higher harmonics of the wavevector. The two frequencies are corresponding to spin waves with different wavevectors. In order to better control the spin wave wavevector, especially for a very narrow width of the antenna, one can utilize a few period of the antenna S10 as shown in Fig. S13(b) . By tuning the width of the antenna (W) and the gap between the antennas (g), one can achieve a specific wavevector. Figure S13 : Two different types of excitation and detection antennas.
For W = 3 μm, g = 3 μm, and S = 5 μm, we have simulated surface spin waves at a bias field of 200 Oe as can be seen in Fig. S14 for a simple strip ( Fig. S13(a) ; antenna 1) and the multiple one ( Fig. S13(b) ; antenna 2). One can clearly see that the linewidth is narrower in the case of antenna 2, and the energy of the 2 nd peak at a higher frequency decreases in antenna 2 compared to that of antenna 1. Supplementary Section S4: Micromagnetic simulations of the nonreciprocal behavior.
We use the object oriented micromagnetic framework (OOMMF) S4,S12,S13 for micromagnetic simulations that solves the Landau-Lifshitz-Gilbert ( Supplementary Section S5: Effect of excitation method on the nonreciprocity of spin waves.
In order to see the effect of the excitation method on the spin wave nonreciprocity, we have simulated the structure using two different types of excitations. In the first case, we have applied a field pulse with a rise/fall time of 40 ps and a pulse width of 20 ns. In the second case, we have applied an impulse field with a rise/fall time of 40 ps and pulse width of 20 ps. We have simulated the structure for different values of the bias field and the summary of the nonreciprocity is shown in Fig. S15 . The nonreciprocity of spin wave is independent of the excitation method. Figure S15 : The nonreciprocity factor of spin waves for a pulse and an impulse excitation.
We have also simulated the spin wave dynamics for sinusoidal excitations. In Fig. S16 , the frequency spectrum of spin wave is shown for a bias magnetic field of 100 Oe. As can be seen, the spin wave spectrum is very similar to the time-domain excitation with two major peaks as shown in Fig. S11(b) . Figure S16 : The spin wave spectrum for sinusoidal excitations at a bias magnetic field of 100 Oe.
Supplementary Section S6: Building of logic expressions based on spin wave amplitude logic.
The two basic building blocks in our spin wave logic system are a NOT gate and a new gate which is a combination of the NOT and OR gates (for Y output) as shown in Fig. S17(a) [also see Fig. 4(f) ]. By combination of these two gates, one can build all the principal logic functions including AND, NAND, OR, and NOR as can be seen in Fig. S17(b) . Therefore, the proposed logic gates are a complete logic system to build any Boolean function.
Supplementary Section S7: Signal reshaping circuit.
The output of the spin wave logic circuit is in the form of a Gaussian wave packet. In order to use the output of a gate as an input for other gates, one needs to reshape it to match with the requirement of the input A and B in Fig. 4(e) which are used to generate a bias field.
Therefore, one needs to rectify and amplify the induced voltage at the Y or Y outputs. This is similar to an amplitude (AM) demodulator circuit commonly used in rf communications which has been well established S14,S15 . An ideal push-detector circuit can convert the signal shown in Fig. S18(a) to the one shown in Fig. S18(b) . The push-detector block diagram is shown in Fig.   S18 (c) which consists of an amplifier followed by a rectifier and low pass filter. Figure S17 : Implementation of different standard gates using the spin wave logic gates. The shape of the signal after demodulation is not a perfect square, however the spin wave logic circuit is less sensitive to the shape of this signal, because the main role of this signal is to switch the magnetization between ±y-direction (easy axis direction) in Fig. 4(b) and 4(e). One can utilize the resonant excitation of the magnetization to reduce the switching field of the magnetization. By applying a unipolar oscillatory field resulting from spin wave half-rectification in Fig. S19 , one can switch the magnetization very effectively S16 . Figure S19 : The rectified spin wave packet.
Alternatively, the rectification can be done by the amplifier itself using a single power supply for the amplifier and adjusting the input bias point of the amplifier to be close to the ground level as shown in Fig. S20 . Most of the power consumption of our logic gates is in signal reshaping circuits to prepare the logic gate output to be fed into the next gate and this circuit can be designed to operate in a very low power consumption mode.
Supplementary Section S8: Enhancing of the surface spin wave nonreciprocity.
In order to improve the performance of the spin wave logic devices, one needs to improve the nonreciprocity factor. There are a few mechanisms that could be utilized to improve the nonreciprocity factor. The nonreciprocity factor that we have defined is based on the amplitude of the spin wave in the frequency domain, however by studying of the spin wave amplitude in the time domain, one can see that the spin wave nonreciprocity factor is not constant over a spin wave packet. As shown in Fig. 3(c) , one can observe two regimes including FMR-type dynamics and a typical spin wave packet. In the FMR-type regime, there is a 180 degree phase difference between the magnetization dynamics with ±k, while in a spin wave packet regime the phase difference is 0 degree. In this transition regime, the nonreciprocity factor of spin wave is quite large (> 10), as shown in Fig. S21 . Therefore, one approach to increases the nonreciprocity factor is to operate the device in the transition regime. Figure S21 : The transition regime between FMR-type dynamics and spin wave packet.
We have calculated the time-dependent nonreciprocity factor of spin wave shown in Nonreciprocity Figure S22 : Calculation of the time-dependent nonreciprocity factor of spin wave.
As the film thickness in our experiment is quite thin (20 nm), the magnetization is uniform across the cross section of the film. By changing the film thickness above the exchange length of Py or decreasing the thickness of the striplines, one can engineer the nonreciprocity factor furthermore.
The intensity of spin waves decays, as it propagates along the ferromagnetic wire. The decay constant in NiFe is a few micrometers S17 , therefore by scaling down the device to the submicron range, the spin wave decay would be less important. It has been shown recently that current induced spin transfer torque can amplify the spin wave S18,S19 and it can be utilized to transfer spin wave information over a long distance inside ferromagnet wires. Another possible mechanism to control spin waves is using the electric field to control the anisotropy of magnetic materials S20 or in mutiferroic materials S21 . The spin wave interferences due to multiple excitations are an alternative method to overcome the spin wave attenuation S6,S22 .
Supplementary Section S9: Scalability of the spin wave amplitude based logic circuits.
Upon scaling of the ferromagnetic structure into nanowires, the shape anisotropy becomes significant. For the proper operation of the spin wave logic devices, the internal field due to the crystal anisotropy should be strong enough to overcome the shape anisotropy. This aim can be easily achieved by engineering of the ferromagnetic material alloy and growth conditions. In Fig.   S23 , the M-H loops of a 20 μm × 100 nm × 20 nm and 20 μm × 100 nm × 40 nm nanowires with the required transverse crystal anisotropy to overcome the shape anisotropy are demonstrated. The properties of materials are M s = 500 kA/m, A ex = 10 pJ/m, and K ans ~ 5×10 4 J/m 3 . These properties have been already reported on some of Ni alloys S23,S24 .
We have studied the spin wave nonreciprocity in a ferromagnetic nanowire of 20 μm × 100 nm × 20 nm with the properties of M s = 500 kA/m, A ex = 10 pJ/m, and K ans = 5×10 4 J/m 3 without any external bias magnetic field. The excitation and detection striplines are both 100 nm wide and we utilize the anisotropy field as the bias magnetic field. We have changed the distance between the detection and excitation striplines, and calculated the spin wave packet as shown in Figure S23 : The M-H loops for two nanowires with different thicknesses. Fig. S24(a) for a distance of 1.5 μm (center to center distance between striplines). There are two regimes in the magnetization dynamics. The R1 regime is the FMR-type excitation induced by the excitation stripline and can be identified by the 180 degree phase difference with ±k. In this regime the nonreciprocity is negligible between the ±k magnetization dynamics. The R2 regime is the spin wave packet with 0 degree phase difference and the nonreciprocity of spin wave is large.
In Fig. S24(b) , we have calculated the nonreciprocity factor of the surface spin wave by calculating the mathematical FFT of the time-domain signal. For a distance of 1.2 μm corresponding to g = 1.1 μm, the nonreciprocity factor exceeds a value of 4. With a further optimization of the stripline width, the ferromagnetic material properties, and the ferromagnetic film thickness, the nonreciprocity can be extended to large values.
In order to show that the nonreciprocity can be employed even in ultra-small dimensions of the magnetic structures, we have simulated a 10 μm × 10 nm × 10 nm with the properties of M s = 250 kA/m, A ex = 10 pJ/m, and K ans = 7×10 4 J/m 3 without any external bias magnetic field. The excitation and detection striplines are both 10 nm wide which result in dipole-exchange propagating spin wave S25 and we utilize the anisotropy field as the bias magnetic field. We have changed the distance between the detection and excitation striplines and calculated the nonreciprocity factor of spin wave as shown in Fig. S25 . Similar to the 100 nm wide striplines, the spin wave nonreciprocity increases by increasing the distance between the excitation and the detection striplines. Figure S24 : (a) The spin wave packet for 100 nm wide excitation and detection striplines with a distance of 1.5 μm between the two striplines. (b) The nonreciprocity of spin wave with different distances between the excitation and detection stripline. The switching field of the ferromagnetic structure is ~ 610 Oe. Figure S25 : The nonreciprocity of spin wave for a 10 nm wide excitation and detection striplines with different distances between the striplines.
